The group Ib impurities Cu and Ag on substitutional Zn sites are among possible candidates for p-type doping of ZnO. In order to explore possible lattice sites of Cu and Ag in ZnO the radioactive impurities 67 Cu and 111 Ag were implanted at doses of 4×10 12 cm −2 to 1×10 14 cm −2 at 60 keV into ZnO single crystals. The emission channeling effects of β − particles from the decay were studied by means of position-sensitive electron detectors, giving direct evidence that in the asimplanted state large fractions of Cu and Ag atoms (60-70% for Cu and 30% for Ag) occupy almost ideal substitutional Zn sites with root mean square (rms) displacements of 0.014-0.017 nm. However, following vacuum annealing at 600°C and above both Cu and Ag were found to be located increasingly on sites that are characterized by large rms displacements (0.03-0.05 nm) from Zn sites. We conclude that in high-temperature treated ZnO Cu and Ag are most likely not simply replacing Zn atoms but are incorporated in complexes with other crystal defects or as clusters.
Introduction
Finding a suitable acceptor impurity for reliable p-type doping remains one of the questions that urgently need to be solved in order to allow the realization of ZnO-based devices. Besides elements of group V of the periodic system replacing for O, also the group Ib impurities Cu and Ag on substitutional Zn sites have been considered as possible candidates for p-type doping [1] . Cu has been reported as a common impurity in ZnO crystals, and concentrations up to the ppm range are given in the literature [2] [3] [4] [5] . Early resistivity measurements showed a decrease in n-type conductivity in Cu-doped ZnO, indicating the acceptor character of Cu. However, the decrease in n-type conductivity was found to be proportional to the square of the Cu concentration, which was explained by the passivation of Cu Zn acceptors by O vacancies [6, 7] or the formation of acceptor-type Cu 2+ 
−Cu
2+ pairs [8] . More recently, admittance spectroscopy experiments found only deep acceptor levels located 0.17 eV below the conduction band for Cu [9] and 0.23 eV below the conduction band for Ag [10] . For Ag, which was also investigated with respect to its application in ZnO varistors, it was suggested that it acts as an amphoteric dopant, existing both on substitutional Zn sites and in the interstitial form [11] . Both for Cu and Ag it is hence questionable whether these Ib elements are actually incorporated on ideal substitutional Zn sites.
The role of Cu is also interesting due to its possible relation with the so-called "structured" green luminescence band frequently found in ZnO. While many authors [2] [3] [4] [5] 12] have attributed the green luminescence to the Cu impurity, its role has also been questioned and native defects such as Zn vacancies [13, 14] , O antisite defects [15] or O vacancies [16] [17] [18] are being considered as possible candidates, too. Recent photoluminescence experiments using radioactive isotopes of Cu and Ni have given strong evidence that the structured green luminescence is actually caused by Zn vacancies [19] .
We have previously studied the lattice location of implanted Cu [20] and Ag [21] in ZnO by means of the β − emission channeling effect [22] from radioactive 67 Cu and 111 Ag isotopes. Our experimental method is based on the fact that the β − particles that are emitted during nuclear decay experience channeling or blocking effects along major crystallographic axes and planes. The resulting anisotropic emission yield from the crystal surface characterizes the lattice site occupied by the probe atoms. In this paper we present additional data on 67 Cu-implanted samples with different doses and compare the behaviour of both group Ib impurities. [24] , and a variety of interstitial sites that are obtained by displacing the probe atoms along bonding or anti-bonding directions from the substitutional Zn sites. In addition, substitutional Zn sites with isotropic Gaussian distributions of displacements, characterized by different root mean square (rms) values u 1 were considered. Details regarding the experimental setup, the simulation of the emission yield for different lattice sites in ZnO, and the data analysis procedure have been reported previously [20, 21, 23] .
Method

Results
Figure 1 panels (a-d)
show the experimental emission yields of the sample with the highest dose of 67 Cu (sample 4) in the as-implanted state. The best fits of theoretical patterns to the experimental yields are shown in panels (e-h) and correspond to 55(4)% of 67 Cu on substitutional Zn sites with isotropic Gaussian rms displacements of 0.014-0.017 nm (0.14-0. 67 Cu atoms, the so-called random fraction, do not cause any anisotropy in the emission channeling patterns and are hence attributed to random sites, which are sites of very low crystal symmetry or in heavily disordered surroundings. The rms displacement of the Cu atoms from the substitutional Zn sites is somewhat larger than but still comparable to the room temperature thermal vibration amplitude of Zn atoms, u 1 (Zn) = 0.008 nm. The experimental results and . Panels (f)-(h) represent the best two-fraction fit of theoretical patterns to the experimental data, corresponding to 62%, 52%, 55%, and 51% of Cu atoms on substitutional Zn sites S Zn , with rms displacements perpendicular to the corresponding axes of u 1 = 0.017 nm, 0.016 nm, 0.015 nm, and 0.014 nm, respectively. best fits following vacuum annealing at 700°C of the same sample are shown in Fig. 2 . Besides a considerable decrease in the fraction of 67 Cu on Zn sites and an increase of the random fraction, which is illustrated by the pronounced overall decrease in anisotropy of all four patterns, there is also a qualitative change in the nature of the lattice site, which is responsible for changing the relative intensity of axial and planar channeling effects. 67 Cu)= 0.030 nm, 0.022 nm, 0.030 nm, and 0.055 nm, which is a significant increase compared to the as-implanted state. It should be pointed out that the increase in rms displacement can be caused by various scenarios. For instance, whether the probe atoms represent an ensemble with varying small displacements from Zn sites, or all of them exhibit the same fixed displacement, or a mixture of both, is very difficult to distinguish by channeling techniques. The fact that the fitted rms displacement value from the [2113] direction is considerably larger than the others suggests that the displacements of the Cu atoms are probably not isotropic in space but occur along well-defined crystal directions. We therefore tried to fit the patterns also with fixed displacements from the ideal Zn positions towards the bonding and anti-bonding directions, both within and basal to the c-axis, however, the quality of the fits was in most cases worse than for the isotropic Gaussian displacement model. A preferential direction of the displacement could therefore not be pinpointed. However, due to limitations in computing time we did not try fixed displacements other than in bonding or anti-bonding directions, which are all located within (1120) or equivalent planes, and we cannot exclude that the Cu atoms are displaced along other crystal directions, e.g. within the (0110) or equivalent planes. In addition to near-substitutional and random sites, we also tried to include, e.g., various interstitial sites in the fits, but this did not significantly improve the quality of fit, and it was thus not possible to assign any other well-defined lattice sites to Cu. , have been published previously [20] . As can be seen, in all cases large fractions of Cu atoms occupy nearly ideal Zn sites in the asimplanted state, with the fraction being highest for the sample implanted with the lowest dose (sample 1) and lowest for the sample implanted with the highest dose (sample 4). The incorporation of Cu into substitutional Zn sites thus appears to be anti-correlated with the implanted dose. Annealing up to 300°C has practically no influence on the lattice location of Cu, while for annealing at 400°C the Cu rms displacements start to increase in the higher-dose implanted samples 2 and 4, but stay close to the value for ideal Zn sites in sample 1. Following annealing at 600°C, the rms displacements increase slightly in the sample 1 with lowest dose, and significantly in the other cases, with the apparent rms displacement perpendicular to the [2113] direction being considerably larger than the others. Finally, annealing at 700°C and above also caused significant decreases in the fraction of Cu on or near Zn sites in all cases. However, the fractions for annealing temperatures above 600°C are marked as less accurate since the possible diffusion of Cu may have changed the depth profile. While possible diffusion is expected to influence the fitted fractions, as was discussed previously [20, 21] , it does not have a pronounced influence on the identification of the rms displacements. In the case of sample 2 partial out-diffusion of several percent of the Cu activity was observed during annealing at 800°C, and therefore samples 1 and 3 were subsequently only annealed at 700°C maximum in order to avoid contamination of the emission channeling setup.
Sample 3 was only annealed once in a quartz crucible at 800°C under O 2 atmosphere, which resulted in a ~50% loss of implanted 67 Cu radioactivity. This loss is not included in the corresponding fraction shown in Fig. 3 , which is normalized to the amount of 67 Cu remaining in the sample. Hence around 40% of the remaining Cu atoms (corresponding to around 20% of the implanted dose) still occupied sites with relatively small displacements from ideal Zn positions following the 800°C anneal.
The results from the 111 Ag implanted sample [21] are shown in Fig. 4 , and are similar to the case of Cu. The main difference is that Ag was characterized by a much larger random fraction than Cu and only around 30-45% of Ag atoms were incorporated at or near substitutional Zn sites. In addition, the rms displacements of Ag from the ideal substitutional Zn positions were in all cases larger than those of Cu. Also in the case of Ag isotropic displacements resulted in the best possible fit. However, here we found that a fixed displacement of 0.03-0.05 nm from S Zn to the bond-center positions basal to the c-axis yielded a quality of fit that came close but still was somewhat worse than the chi square due to isotropic Gaussian rms displacements. Similar to Cu, the last annealing step at 800°C was also accompanied by a loss of 30% of activity from the sample.
Discussion
Directly following implantation large fractions of both Cu and Ag are found on almost ideal Zn positions, and the changes to sites showing larger rms displacements occur only upon annealing. The fact that we observed partial outdiffusion of Cu roughly confirms the diffusion coefficient D=2×10 7 exp(−4.8 eV/kT) cm 2 /s of Cu in ZnO reported in the literature [8] , from which one calculates a diffusion width around 60 Å following 10 min annealing at 800°C, by order of magnitude comparable to the mean implantation depth of 259(116) Å. Based on the observation that the diffusion coefficients of Cu and the self-diffusion coefficient of Zn are very similar, it was suggested that Cu diffuses mainly substitutionally in ZnO [8] . In any case it is very likely that annealing at lower temperatures already causes Cu and Ag to start diffusing and thus interacting with additional defects present in the sample. These are most likely defects created during implantation, which is suggested by the observation that following implantation at a very low dose obviously Cu does hardly change to sites with larger displacements. However, the annealing conditions also can play a certain role, since annealing under oxygen lean or oxygen rich conditions can change the point defect equilibrium in the near-surface Cu implanted region of the samples. Another possibility to interpret the large displacements is that they are due to the formation of Cu-Cu pairs or clusters of several Cu atoms. Since diffusion of Cu would also be required for the formation and the complexes are more likely to be formed at high Cu concentrations, this would also qualitatively explain that the large rms displacements only occur upon annealing and the dose dependence of the effect. The existence of Cu ZnCu Zn pairs has also previously been suggested by Müller and Helbig [8] . The high random fraction in the case of Ag shows that it is more difficult to incorporate this element in substitutional Zn sites than Cu. Possibly Ag atoms occupy to a large extent interstitial sites of low symmetry or tend to form small precipitates. We would like to remark that there also exist transition metals that show a different behaviour in ZnO. For instance, Fe was to nearly 100% incorporated on ideal substitutional Zn sites following vacuum annealing at 800°C and did not show similar large displacements as Cu or Ag even after annealing at 1050°C [25] .
The possibility that the observed displacements of Cu and Ag occur along well-defined crystal directions will be investigated further by comparing the existing experimental data to simulations for additional lattice sites, for instance positions which are displaced from ideal Zn sites within the (0110) or equivalent planes. Further experiments with different implanted doses (especially higher doses) and different annealing procedures will possibly also shed more light on whether Cu and Ag simply interact with implantation defects or form transition metal clusters.
Conclusions
Implanted Cu and Ag show a similar behaviour in ZnO, both are capable of occupying two types of lattice sites, almost ideal Zn sites and sites that show displacements around 0.02-0.05 nm from the ideal Zn positions. The fact that the displaced substitutional sites are only found upon annealing, together with the dose dependence of the site change effect in the case of Cu, points out that both Cu and Ag change their lattice configuration when interacting with defects in ZnO. The observed incorporation of Cu and Ag on non-ideal lattice sites can possibly explain that these impurities do not exhibit simple acceptor behaviour in ZnO, existing mainly bound in complexes with other defects or as pairs or even clusters of several atoms.
